Hartmann et al. Crossovers are essential in meiosis of most organisms to ensure the proper segregation of 25 chromosomes. The lack or improper placement of crossovers can result in nondisjunction and 26 aneuploidy in progeny. Crossovers near the centromere can cause nondisjunction; centromere-27 proximal crossovers are suppressed by what is termed the centromere effect, but the mechanism is 28 unknown. Here, we investigate contributions to centromere-proximal crossover suppression in 29 Drosophila melanogaster. We mapped a large number of centromere-proximal crossovers and find 30 that crossovers are essentially absent from the highly-repetitive (HR)-heterochromatin 31 surrounding the centromere but occur at a low frequency within the less-repetitive 32 (LR)-heterochromatic region and adjacent euchromatin. Previous research suggested that flies that 33 lack the Bloom syndrome helicase (Blm) lose meiotic of crossover patterning, including the 34 centromere effect. Mapping of centromere-proximal crossovers in Blm mutants reveals that the 35 suppression within the HR-heterochromatin is intact, but the centromere effect is lost. We conclude 36 that centromere-proximal crossovers are suppressed by two separable mechanisms: the HR-37 heterochromatin effect, which completely suppresses crossovers in the HR-heterochromatin, and 38 the centromere effect, which suppresses crossovers with a dissipating effect with distance from the 39 centromere. 40 41
Introduction 42
Crossovers are essential for the proper segregation of homologous chromosomes in 43 meiosis, which is evidenced by the fact that chromosomes lacking a crossover commonly segregate 44 improperly in meiosis I (Koehler, Boulton, et al. 1996) . However, it is not only the presence of 45 crossovers that is important, but also their proper placement along the chromosome. Koehler et al. 46 also showed that apparent meiosis II nondisjunction events occurred primarily in oocytes that 47 experienced a centromere-proximal crossover (Koehler, Boulton, et al. 1996) . Similarly, cases of 48 human trisomy 21 that appear to have arisen from meiosis II nondisjunction are associated with an 49 increase in centromere-proximal crossovers (Koehler, Hawley, et al. 1996; Lamb et al. 1996) . It 50 has long been known that crossovers near the centromere are reduced in many organisms; this has 51 been referred to as the centromere effect (or the spindle-fibre effect before centromeres were 52 defined) (Beadle 1932) . 53
Meiotic recombination is initiated by DNA double-strand breaks (DSBs), each of which 54 can be repaired to give crossovers or noncrossover products through a tightly-controlled decision 55 (Lake and Hawley 2016; Miller et al. 2016 ). In addition to the centromere effect, interference and 56 assurance also govern crossover patterning. Interference is the phenomenon where one crossover 57 suppresses the occurrence of another crossover in nearby (A. H. Sturtevant 1913; reviewed in 58 Berchowitz and Copenhaver 2010) . Assurance is the phenomenon in which each pair of 59 homologous chromosomes almost always receive at least one crossover regardless of size (Wang 60 et al. 2015; Mather 1937) . The effect of these crossover patterning phenomena on DSB repair 61 results in the typical crossover distribution where most crossovers occur in the middle to distal end 62 of the chromosome and are decreased near the centromere. The mechanisms of these phenomena 63 are largely undescribed and remain elusive. In this study, we use Drosophila melanogaster to gain 64 insight into the centromere effect and how crossovers are suppressed in the centromere-proximal 65
regions. 66
Approximately one third of each Drosophila chromosome is composed of 67 highly-repetitive, peri-centromeric satellite sequence arrays that are heterochromatinized. There 68 have been studies that suggest heterochromatin plays a role in decreasing crossovers in the 69 pericentric regions. It has been proposed that there are no crossovers within heterochromatin 70 simply due to the tightly packed chromatin not being accessible to proteins that either make DSBs 71 or repair them into crossovers. Support for this comes from cytological studies where Mehrotra 72 and McKim (2006) observed no DSBs colocalizing with the heterochromatic mark HP1. 73
Additionally, dominant suppressor of position-effect variegation, Su(var) mutations, that likely 74 cause heterochromatin to assume a more open structure, allow an increase in crossovers within the 75 pericentromeric heterochromatin (Westphal and Reuter 2002) . These results support the idea that 76 suppression of crossovers near the centromere is due to exclusion of DSBs in heterochromatin. 77
However, early studies on the centromere effect involving chromosome rearrangements in 78
Drosophila show that centromere-proximal crossover suppression extends beyond 79 heterochromatin into the euchromatin. Mather (1939) showed that a euchromatic region moved 80 closer to the centromere, but nearer to a smaller amount of heterochromatin, experienced a greater 81 decrease in crossovers than did a region moved slightly farther away from the centromere, but 82 nearer to a larger amount of heterochromatin. He suggested that the decrease in crossovers was 83 due to proximity to the centromere rather than the proximity to heterochromatin. Yamamoto and 84 Miklos (1978) studied X chromosomes in Drosophila that had large deletions of the 85 pericentromeric heterochromatin, and showed that the larger the deletion, the farther the decrease 86 in crossovers spread into the euchromatin. They concluded that centromere-proximal crossover 87 suppression does not depend on the amount of heterochromatin, but on distance from the 88 centromere. Nonetheless, the question still remains whether heterochromatin has the ability to 89 decrease crossovers in adjacent euchromatic regions; we address that question in this work. 90
Heterochromatin is not homogeneous and may not behave uniformly throughout. In 91 polytene chromosome spreads, heterochromatin has two distinct appearances that have been 92 described: alpha-heterochromatin is the small, densely staining region of the chromocenter that is 93 highly underreplicated in this tissue, whereas beta-heterochromatin is more diffusely staining and 94 is moderately replicated (Gall 1973; Ashburner 1980; Laird, Hammond, and Lamb 1987; Miklos 95 and Cotsell 1990). Heterochromatin is not homogeneous based on sequence composition. Regions 96 of pericentric heterochromatin adjacent to the euchromatin are composed of blocks of transposable 97 elements (TEs) with varying amounts of repeats and interspersed unique sequence. This has made 98 it possible to assemble these regions in the reference genome (Hoskins et al. 2015) . Chromatin 99 domains identified in cell lines show that much of this sequence is heterochromatic or 100 transcriptionally silent (Filion et al. 2010; Thurmond et al. 2019 ). In contrast, sequences closer 101 to the centromere are highly repetitive, consisting largely of blocks of tandemly-arrayed satellite 102 sequences. These have not been assembled to the reference genome, but long-read sequencing has 103 permitted assembly of some satellite arrays (Khost, Eickbush, and Larracuente 2017). We will 104 refer to the two types of heterochromatin as highly-repetitive (HR)-heterochromatin and less-105
In this study, we investigate the role of the two types of heterochromatin and the centromere 107 effect in suppressing pericentromeric crossovers. We show that centromere-proximal crossover 108 suppression is mediated by both a (HR)-heterochromatin effect and the centromere effect. The 109 HR-heterochromatin effect is restricted to the highly-repetitive heterochromatin, which 110 presumably does not allow double strand breaks to occur and therefore, no crossovers can be 111 formed in these regions. This study allows some insight into chromosome characteristics that could 112 be contributing factors to the centromere effect and supports the idea that the centromere effect is 113 a protein mediated meiotic mechanism. 114 by crossing virgin net dpp d-ho dp b pr cn / + female flies to net dpp d-ho dp b pr cn homozygous 123 males. Crossover distribution on chromosome 2R was scored by crossing net dpp d-ho dp b pr cn 124 vg/ + to net dpp d-ho dp b pr cn vg homozygous males. COs to total number of flies. See Table S1 for phenotypic crossover distribution data. 135 SNP/indel crossover mapping. Crossovers were finely mapped near the centromere using 136 SNP/indels between isogenized strains. First, centromere-proximal crossovers were identified by 137 phenotypic markers on the chromosome. For all chromosomes, crosses were set up between a wild-138 type chromosome and a chromosome with recessive markers; females heterozygous for these were 139 collected and crossed to males homozygous for the recessive markers, and progeny were scored. 140
Materials and Methods
Crossovers were collected between f and y+ on the X chromosome, between b and vg on 141 chromosome 2, and between h and e on chromosome 3. Illumina whole-genome sequencing was 142 performed on each isogenized strain and genomes were assembled to the Drosophila melanogaster 143 Drosophila whole mount ovary IF-FISH. Ovaries were dissected as described above, incubated 172 in fixative buffer for four minutes (100 mM sodium cacodylate (pH7.2), 100 mM sucrose, 40 mM 173 potassium acetate, 10 mM sodium acetate, 10 mM EGTA, 5% paraformaldehyde), washed four 174 times quickly in 2XSSCT (5mL 20X saline sodium citrate (SSC), 50 µL Tween-20, up to 50 mL 175 water), washed 10 minutes in 2X SSCT + 20% formamide, 10 minutes 2X SSCT + 40% 176 formamide, then two times 10 minutes in 2X SSCT + 50% formamide. Ovaries were pre-denatured 177 by incubating at 37 C for 4 hours, 92 C for 3 minutes, 60 C for 20 minutes. Probe(s) was addedand ovaries were incubated in a thermocycler at 91 C for three minutes then overnight at 37 C. 179
Ovaries were then washed with 2X SSCT + 50% formamide at 37 C for 1 hour, then in 2X SSCT 180 + 2-% formamide for 10 minutes at room temperature (RT), then in 2X SSCT quickly four times. 181
Ovaries were then incubated in blocking solution (6 mg/mL NGS in 2X SSCT) for four hours, 182 All subsets of this model that included the quadratic effect of distance only when there was a linear 219 effect of distance, were fit. Model selection and averaging were conducted using the MuMIn 220 library (version 1.4.36; Barton 2019). We fit all possible submodels of the global. This led to 150 221 models being fit. We used the corrected Akaike Information criterion, AICc, as our measure of 222 model performance and selected a final model set based on a 95% confidence set and then 223 calculated model averaged estimates of coefficients and their standard errors. Models which had 224 higher AICc than nested models were excluded based on the recommendation of Richards et al. to 225 avoid including overly complex models that do not improve model performance (Richards, 226 Whittingham, and Stephens 2011). 227
Data availability. All data necessary for confirming the conclusions in this paper are included in 228 this article and in supplemental figures and tables. Drosophila stocks described in this study are 229 available upon request. We have uploaded Supplemental Material to Figshare. Table S1 includes 230 complete data set for crossovers between phenotypic markers in WT and Blm. Table S2 includes 231 all primers used for SNP/indel genotyping between isogenized strains of Drosophila 232 melanogaster. Table S3 includes all data for mapping of crossovers using the SNP/indel method 233 for WT including chromosome, interval size, number of crossovers, # of genes, # TEs, and total 234 number of flies scored for each interval. Table S4 includes all data for mapping of crossovers using 235 the SNP/indel method for Blm mutant. Table S5 includes crossover data between px and sp for 236 WT and bw D mutants. Table S6 includes model averaged standardized effect sizes for each 237 chromosome. Table S7 includes the 95% confidence set for wild type chromosome analysis. Table  238 S8 includes modeled average parameters for mutant analysis. Table S9 includes 95% confidence  239 set for 2L mutant chromosome analysis. 240
Results 242

Pericentromeric crossover distribution 243
To gain a deeper understanding of the centromere effect, we sought to more finely map 244 centromere-proximal crossovers. Crossovers near the centromere have classically been mapped 245 using phenotypic markers in the euchromatin on either side of the centromere. Additionally, 246 whole-genome mapping has been used to more precisely map crossovers within the genome (B. 247
A. H. Sturtevant 1915; Miller et al. 2016 ). However, these methods have caveats that do not allow 248 us to fully understand the distribution of centromere-proximal crossovers. Using phenotypic 249 markers to map crossovers limits resolution to only the most centromere-proximal markers used. 250
Whole-genome mapping provides precise locations of crossovers, but only a handful of 251 centromere-proximal crossovers have been mapped using this method. For example, from whole-252 genome sequencing of 98 flies only one crossover was mapped between the markers pr and cn that 253 flank the chromosome 2 centromere (Miller et al. 2016 ). We therefore develop a method to map a 254 high quantity of crossovers with more precision than phenotypic mapping allows, allowing us to 255 gain a better understanding of the relationship of crossover distribution in euchromatin and the two 256 types of heterochromatin (LR-heterochromatin and HR-heterochromatin). 257
We collected proximal crossovers between isogenized Drosophila chromosomes then 258 more finely mapped these using SNP and indel markers to intervals that range from 0.23 Mb to 259 1.9 Mb. We mapped approximately 160-300 crossovers per chromosome arm. This mapping 260
shows that crossovers are decreased near the centromere and increase in frequency with distance 261 from the centromere (Figure 1) . Interestingly, we see a low frequency of crossovers in the 262 assembled LR-heterochromatin, but crossover frequency goes down to nearly zero in the highly 263 repetitive heterochromatin on every chromosome arm. Of 37,219 total flies scored, only three, all 264 on chromosome 2, experienced a crossover between the most centromere-proximal SNPs/indels 265 used in our mapping. These crossovers may have occurred within LR-heterochromatin, either 266 proximal to our most proximal markers or in sequences not included in the genome assembly. 267 Alternatively, they may have been within HR-heterochromatin or unique sequences within HR-268 heterochromatin. We cannot exclude the possibility that these crossovers are mitotic in origin. 269
While we cannot rule out that double crossovers occur within the HR-heterochromatin region, we 270 believe this to be highly unlikely due to the near absence of even single crossovers. The fact that 271
we do see a small amount of crossovers in the less-repetitive heterochromatin was surprising 272 because it has been shown that DSBs do not colocalize with heterochromatic markers ( hypothesize that the suppression of crossovers can be separated into two phenomena: the HR-295 heterochromatin effect, defined as the virtual absence of crossovers within highly-repetitive 296 heterochromatin, and the centromere effect, which has a dissipating effect with distance from the 297 centromere. We hypothesize that the HR-heterochromatin effect is likely due to the absence of 298 DSBs in this region, whereas the centromere effect is likely a regulation of DSB repair outcome. 299 300
Heterochromatin alone does not produce a centromere effect 301
We sought to test whether the HR-heterochromatin effect and centromere effect can be 302 separated by measuring recombination around a heterochromatic locus that is not located near the 303 centromere. We do this by using the bw D mutation, which has an insertion of about 2Mb of 304 (Figure 3D ), suggesting that the heterochromatin insertion does not cause a decrease in 330 crossovers in the adjacent regions and that spatial proximity to the pericentromeric 331 heterochromatin compartment of the nuclease does not have a strong effect on crossing over. 332
Examination of contributions to the centromere effect 334
The results with bw D suggest that the centromere effect is not due solely to proximity to 335 pericentromeric heterochromatin, so we asked whether other genomic features contribute to the 336 centromere effect. Transposable element (TE) density and gene density have been suggested to 337 influence crossover rates genome-wide in other organisms ( proximal crossovers. We modeled how distance from the centromere, TE density, and gene density 347 contribute to the variation seen in crossover distribution ( Figure 4C ). Two models were selected 348 in the 95% confidence set (Tables S6 and S7 ). All predictor variables were included in this final 349 set indicating statistically important effects of distance from the centromere, TE density and gene 350 density that varied across chromosomes. Unless otherwise stated, all effects mentioned have 95% 351 confidence intervals that do not overlap zero. For all chromosomes except X, distance from the 352 centromere had a positive effect and a negative squared distance term. Two chromosome arms, 353 2R and X, had positive effects of gene density; on 3R, a negative effect was found with 95% 354 confidence intervals just overlapping zero, suggesting a potential negative effect. In general, 355 standardized effect sizes for gene density were lower than for distance from the centromere. ForTE density all chromosomes but X had 95% confidence intervals that did not overlap zero. The 357 effect was dramatically negative in 3R with a negative standardize effect size of magnitude over 358 three times greater than the next effect size. Other chromosomes had smaller magnitude effect 359 size, being negative for 2L, 3L, and 3R, but positive for 2R. This modeling shows that TE and gene 360 density do decrease the variation seen in the model; however, they do not fully explain the model 361 produced and there is leftover effect of distance from the centromere. These results support the 362 idea that centromere-proximal crossover distribution is dictated not only by genomic features such 363 as TE or gene density, but that there is some factor suppressing crossover rate that decreases with 364 distance from the centromere. 365
We applied the same modeling methods to the Blm mutant to understand if Blm mutants 366 truly do not have a centromere effect and to what extent TE and gene density play a role in 367 crossover distribution in Blm mutants ( Figure 4D ). Two models were selected in the 95% 368 confidence set (Tables S8 and S9 ). There was no effect of gene density in either wild type or 369 mutant, consistent with analysis of the wild-type chromosomes. In the wild type, all remaining 370 modeled effects (distance, distance 2 and TE density) had 95% confidence intervals that did not 371 overlap zero. In the mutant, no effect size had confidence intervals that didn't overlap zero, 372
suggesting that none of them were valuable predictors of crossover rate. While we cannot prove 373 zero effect, the best estimated effect of distance in the mutant is less than one quarter that of the 374 wild-type (Table S8) . These results support the hypothesis that Blm mutants experience a much 375 weaker centromere effect, if any, and that the crossover distribution in Blm is not demonstrably 376 under the influence of distance from the centromere or chromosome characteristics. Importantly, 377 these results provide more evidence that centromere-proximal crossover suppression is mediated 378 both by the HR-heterochromatin effect and an effect whose strength varies with distance to the 379 centromere. 380 381 Discussion 382
Two Contributions to Suppression of Proximal Crossovers 383
Our mapping of a large number of proximal crossovers in both wild-type flies and Blm 384 mutants leads us to propose a model for centromere-proximal crossover suppression ( Figure 5) . In 385 this model crossovers are completely suppressed in HR-heterochromatin due to the absence of 386
DSBs. Adjacent to this region the centromere effect strongly suppresses crossovers, but that 387 suppression dissipates with distance from the centromere until a region in the euchromatin where 388 crossovers rise steeply to peak around the middle of each chromosome arm (orange line). In the 389
Blm mutant (blue line), the HR-heterochromatin effect is still intact but the centromere effect is 390 lost: crossover density is relatively even throughout the assembled LR-heterochromatin and 391 euchromatin. We conclude that pericentromeric crossover suppression is achieved by both HR-392 heterochromatin suppression and a centromere effect, and these two processes are separable. 393 394
Heterochromatin effect suppresses crossovers 395
Heterochromatin has long been thought to contribute to centromere-proximal suppression 396 of crossovers, but the specifics of where this suppression occurred were unknown until now. In 397 this study, we used a centromere effect mutant (Blm) that still has normal heterochromatic marks 398 to show that the heterochromatin effect impacts the highly-repetitive heterochromatin but not the 399 adjacent less-repetitive heterochromatin. This was a surprising result because a previous 400 cytological study found that a marker of DSBs never colocalized with a heterochromatin marker (Mehrotra and McKim 2006) . It is possible that, although DSBs do occur within less-repetitive 402 heterochromatin, they are at a lower density than in euchromatin (perhaps by being excluded from 403 TE sequences) so the sample size in the previous study was insufficient to detect these relatively 404 rare events. 405 We used bw D to test whether HR-heterochromatin distant from the centromere exerts a 406 centromere effect. The lack of an effect on crossing over between px and sp suggests that HR-407 heterochromatin is not sufficient to reduce crossovers in flaking regions. We could not assay the 408 Why can crossovers occur within the less-repetitive heterochromatin, but not the highly-417 repetitive heterochromatin? One reason could be differential access of DSB machinery to the 418 DNA. Perhaps HR-heterochromatin is more densely packed than LR-heterochromatin and does 419 not allow access of the DSB machinery. Additionally, there could be different heterochromatic 420 marks or protein machinery in these regions that differentially regulate DSBs or crossover 421 formation. Future studies could be aimed at determining functional differences between LR-and 422
HR-heterochromatin. 423
In the centromere effect mutant, Blm, we show that crossovers do not occur within the 424 highly-repetitive heterochromatin, but they do occur outside of that boundary at a higher frequency 425 than wildtype crossovers. This suggests that DSBs are still occurring within the less-repetitive 426 heterochromatin at a rate similar to the euchromatin, but that in wildtype, they are more frequently 427 being converted to noncrossovers instead of crossovers. However, Westphal and Reuter reported 428 an increase in centromere-proximal crossovers in Su(var) mutants, which presumably cause 429 heterochromatin to assume a more open structure (Westphal and Reuter 2002) . This result suggests 430 that the closed structure of heterochromatin can suppress crossovers, but that is in opposition to 431 the result we see with the centromere effect mutant that still has normal heterochromatic marks, 432 but allows more crossovers within the heterochromatic region. There are two possible explanations 433 that could explain these opposing results. The first is that the Blm mutation is altering 434 heterochromatin structure in a way that we did not detect cytologically. Recombination might also be directly silenced within TE sequences. Miller et al. (Miller et al. 462 2016) reported that crossovers can occur within TEs, but less frequently than would be expected. 463
It has been suggested that active silencing of TEs could lead to the silencing or suppression of 464 recombination around those regions (Kent, Uzunović, and Wright 2017). Therefore, it is difficult 465 to determine whether or how TE density and gene density affect recombination rates. Our data 466 support results seen previously in that TE density is increased in areas of low recombination and 467 gene density is increased in areas of high recombination. When we factor these variables into 468 models of crossover distribution, we see a strong impact of TE density on crossover rate. One 469 caveat of our studies is that transposable elements have been shown to vary between different 470 strains of Drosophila and we have based these analyses off the transposable element distribution 471 within the Drosophila melanogaster reference sequence (Ananiev et al. 1984; Rahman et al. 2015) . 472
With advances in long-read sequencing technology, it might be possible in the future to do studies 473 similar to ours but in strains in which LR-heterochromatin has been assembled de novo. 474
475
Conclusion 476
In conclusion, we find that centromere-proximal crossover suppression is a result of two 477 separable mechanisms: an HR-heterochromatin effect that suppresses crossovers in highly-478 repetitive pericentromeric heterochromatin, and the centromere effect that suppresses proximal 479 crossovers in a manner that dissipates with increasing distance from the centromere. The HR-480 heterochromatin effect is likely due to the absence of DSBs with satellite sequences, presumably 481 a direct consequence of chromatin structure. In contrast, the mechanism of the centromere effect 482 is unknown. This work is the first in-depth examination of the centromere effect since it was first 483 described, and these findings provide the groundwork for future mechanistic studies of the 484 centromere effect. Table S5 . 521 
